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Abstract

The evolution of the normal detonation shock velocity (D,,) with local shock
curvature (x) is experimentally and numerically examined along entire evolving
fronts of a weakly unstable cellular detonation instability cycle with the intention
of extending the understanding of cellular evolution dynamics. As expected, a
single velocity—curvature relation is not recovered due to the unsteady evolution
of the cell. However, geometric features of the D,,—« evolution during a cell cy-
cle reveal some new details of the mechanisms driving cellular detonation. On
the cell centerline, the local shock velocity and curvature monotonically decrease
throughout the cellular cycle. Off centerline, a larger range of wavefront curvature
was exhibited in expanding cells as compared to shrinking ones, indicating that
most curvature variation in a detonation cell occurs near the Mach stem. In normal
shock velocity—curvature space, the cell dynamics can be mapped to three features
that are characteristic of (feature 1) a detonation with a spatially short reaction
zone, (feature 2) a transitional regime of shock and reaction zone decoupling, and
(feature 3) a diffracting inert blast wave. New, growing cells predominately exhib-
ited features 1 and 2, while decaying cells only exhibited feature 3. The portions
of all profiles with normal velocities below the Chapman—Jouguet velocity were
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characteristic of inert blast propagation, indicating the possibility that exceeding
this velocity may be a necessary condition for the existence of shock and reaction
zone coupling. In this inert blast regime, D,, and « vary spatially across the wave
front so each segment is not geometrically cylindrical, but when accumulated, the
D,,—k data map out a straight line, indicating elements of self-similar flow for
each stage in the cell cycle.

Keywords: detonation, cellular instability, curvature, Detonation Shock
Dynamics

1. Introduction

Cellular instabilities are observed to occur for self-sustained detonation prop-
agation in gaseous explosives. These instabilities are driven by shock waves that
propagate normal to the detonation shock surface in a Mach-stem configuration.
Experimental observations have indicated that periodic interactions of these trans-
verse waves are necessary for unsupported detonation propagation [1].

The instability cycle starts when transverse wave collisions locally increase
the flow temperature, overdriving the lead shock, shortening the reaction zone,
and tightly coupling the chemical reaction zone to the shock (Fig. 1). The lead
shock strength decays as it propagates and the transverse waves move further
apart, resulting in gradual decoupling of the reaction zone until subsequent trans-
verse wave interactions locally reinvigorate the flow and start the cycle anew.

The presence of multiple waves causes the surface of the lead shock to pulsate
longitudinally as alternating regions undergo different phases of the instability.
In practice, a myriad of transverse wave modes are possible depending on the
system geometry and explosive thermicity. For example, detonations near fail-
ure will support only a single transverse wave, termed single-head spin after the
helical path traced by the wavefront in a cylindrical confiner. Mixtures with a
comparatively shorter reaction zone length will contain multiple transverse waves
[2].

The cellular cycle derives its name from the shape of the triple-point (of the
lead shock, Mach stem and transverse wave intersection) tracks mapped on any
solid confining walls in the presence of multiple transverse waves. Regular re-
peating track patterns are indicative of weakly unstable behavior, while highly
irregular patterns are characteristic of highly unstable detonation [2]. The charac-
teristic width of these patterns is termed the cell width A and provides a measure
of the mixture sensitivity to detonation. Decreased A\ denotes more rapid chemical
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reaction rates and increased mixture sensitivity. The level of instability is thought
to be driven by a mixture’s chemical and gas-dynamic properties, as reviewed in
Refs. [2, 3].

Early efforts [4—7] attempted to characterize the cellular cycle and reaction ki-
netics by measuring variations in the lead shock velocity with distance along the
cell centerline via schlieren framing imaging. Early in the cycle, the centerline
shock velocity was seen to be significantly overdriven relative to the Chapman-
Jouguet velocity D¢, but rapidly and monotically decreased over the cell length
in similar fashion to a decaying inert shock wave [6]. The dynamics of oft-
centerline wavefront regions were not quantitatively examined and no compar-
isons were drawn to prior condensed-phase explosive research that developed re-
lations between detonation velocity and shock front curvature [8—10].

1.1. The Basics of DSD Theory

Recently, there has been interest in performing more detailed characterization
of gaseous detonation wavefronts using concepts derived from Detonation Shock
Dynamics (DSD) theory. DSD is a surface propagation concept that replaces the
detonation shock and reaction zone with an evolving surface that evolves accord-
ing to a normal-velocity evolution law [11-13]. In condensed explosives, wave-
front curvature x is assumed to be small relative to the inverse of the length of the
detonation reaction zone. It is also assumed that the front shape evolves slowly
relative to the time for a particle to pass through the reaction zone. For small
K, the local normal detonation velocity D), is constant to leading order, with the
first correction being a function of shock curvature such that D,, = f(k). This
function is referred to as the explosive’s velocity—curvature or D,—x relationship.
Higher-order corrections also exist to account for the influence of time-dependent
and transverse flow effects in condensed explosives with large reaction zones and
quasi-steady, stable detonations [14].

Significantly, the D,—« relationship of a condensed explosive can provide in-
sight into its sensitivity and detonation propagation characteristics. Ideal, insen-
sitive, and nonideal D,,—« trends for steady high-explosive detonations are shown
in Fig. 2. Increasingly nonideal detonations have spatially larger reaction zones
and are seen to have a greater depreciation of detonation velocity with wave cur-
vature, support detonation over a more limited curvature span, and thus are more
influenced by wave geometry and confinement.
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1.2. DSD-Based Approaches to Gaseous Detonation

Application of DSD concepts to gaseous detonations introduces several com-
plications due to the presence of unsteadiness associated with cellular instability.
For example, Eckett et al. [15] examined the major contributing factors for direct
initiation of spherical detonations, concluding that unsteadiness, rather than cur-
vature, of the decelerating leading shock is the dominant mechanism underlying
unsuccessful initiation. In contrast, Short and Sharpe [16] examined the direct ini-
tiation of cylindrical detonation reacting via a three-step chain-branching reaction
and found that the critical initiation energy for detonations that are hydrodynami-
cally stable along the quasi-steady D,,—« curve for that mixture could be estimated
by the energy required to drive the initial blast shock through the turning point of
the quasi-steady D,—~ curve, validating the critical initiation energy concept of
He and Calvin [17] for some stable detonations.

Nevertheless, prior work has attempted to use DSD approaches to examine the
initiation and evolution of the cellular structure. Assuming limits of weak curva-
ture and slow temporal variations, Stewart et al. [18] derived an intrinsic surface
evolution, comprising a combination of leading and first-order approximations for
detonation cell motion. When solved simultaneously, the evolution equation re-
produced cells with dynamics apparently similar to those seen in gaseous systems.
Yao and Stewart [19], Klein et al. [20], and He and Calvin [17] used numerical
and approximate analytic solutions applied to gaseous detonation to predict the
existence of a limiting critical x, beyond which the detonation contained no sonic
point. He and Calvin [17] also used this approach to predict minimum initiation
energies for gaseous explosives.

Conversely, Nakayama et al. [21] induced global wavefront curvature in ex-
cess of that produced by the cellular instability to establish a D,—«x relationship
for ethylene-oxygen mixtures. Significant and quasi-steady global wavefront cur-
vature was generated by detonation propagation around a curved channel and in-
stability effects were mitigated by working with sufficiently sensitive mixtures to
allow an excess of 32\ across the channel. Their work described a global and
nondimensional D,,—x relation for the mixtures tested. Such an approach is more
in line with DSD’s underlying purpose, which uses a surface propagation method-
ology to reduce the required computational effort (relative to direct numerical
simulations using reactive flow models) to generate accurate wave shape and tim-
ing predictions while neglecting or homogenizing the smaller-scale details of the
wave structure.
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1.3. Overview of the Present Study

The purpose of the present article is to analyze the evolution of weakly un-
stable cellular instabilities for both experimental and numerical detonation. In
particular, we study the variation of the normal detonation shock velocity and
shock curvature across the whole front surface during the evolution of weakly un-
stable cellular detonation fronts to gain additional understanding of the dynamics
of unsteady cellular evolution. We compare whether the details of the cellular
front motion obtained from experiments are consistent with the predictions of a
numerical simulation. While less common in practical applications involving hy-
drocarbon fuels, weakly unstable mixtures are used in the present study to render
the our experimental analysis tractable and to allow for highly resolved numerical
simulations.

Correspondence to a single D,, (k) relation is not expected due to the unsteady
nature of the cellular decay, however understanding the geometric variation of
normal detonation with curvature across the front could provide insight into the
time-dependent cellular mechanism and the relative sensitivity of gaseous explo-
sive mixtures to geometric effects. We emphasize that we are not claiming that
a classical leading-order DSD approach can be used to model detonation cellu-
lar dynamics. Classical DSD theory applies to the quasi-steady evolution of a
weakly curved, stable detonation; formally asymptotic higher-order corrections
which account for (slow) time relaxation effects and small transverse arc-length
variations on the evolution of a weakly curved stable detonation have been de-
veloped [14, 22, 23]. However, significant rapid time and curvature variations
that are believed to occur locally during various stages of the unstable detonation
cell cycle preclude such a classical DSD approach to the description of cellular
dynamics in general.

2. Two-Dimensional Cellular Instability Data

The instability data in this work is derived from prior experiment and current
computation. The specifics of each source are discussed below.

2.1. Experiment

The experimental work of Austin [24] is well-suited for obtaining the varia-
tion of D,, and x across a cellular front in a gaseous detonation. Her experimental
facility was a rectangular detonation tube with a narrow channel (NC) cross sec-
tion that was 152 mm wide x 18 mm thick X 4.2 m long. Such a geometry damps
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out cellular instabilities across the short dimension ¢ = 18 mm for weakly sta-
ble mixtures when ¢ < \ and effectively approximates a two-dimensional cellular
instability.

Austin [24] obtained successive shadowgraph images (Fig. 3) of detonation
shock shapes through windows embedded in the NC sidewall. Data was recorded
on a Beckman and Whitley Model 189 film framing camera with an interframe
time of 832 ns, an exposure time of 152 ns, and an image capacity of 25 frames
per test. Kodak TMAX 400 black-and-white 35-mm film was used. A single
combined schlieren and PLIF (planar laser induced fluorescence) image was also
acquired for each test. Additional experimental details are available in Ref. [24].

In the present study, we use shadowgraph images of three separate experiments
from Austin [24] to infer the D,, and x variation for detonation in two separate,
weakly unstable, gaseous mixtures: 2H5+O5+17Ar (85% Ar by mole fraction,
Dey = 1.42 mm/us) and 2H5+05+12Ar (80%Ar by mole fraction, D¢ey = 1.52
mm/us). Both mixtures were at 0.20 bar initial pressure. Images from the 80%Ar
mixture are from experiment numbers NC215 and NC229, while the 85%Ar data
is from NC260 in Austin [24]. Films were digitized at 6400 dpi. Two-dimensional
detonation shock front shape and image fiducial coordinates were then manually
registered for all 25 images from each experiment, resulting in approximately
1200 data points per front.

After digitization and registration, an analytic waveform was fit to each com-
plete cell segment in every image to facilitate evaluation of the local D,, and
variation. The waveform was similar to that used in Catanach and Hill [25] with
additional constants for horizontal (a;) and vertical (a,) wave translation and ro-

tation (a,),
z(x) = —a;ln [cos {n%%”

+a, + a, (x — ay) (1)

where 2z is the shock height and x is the transverse width. This wave shape as-
sumes front symmetry about an axis and a monotonic decrease in wave height 2
away from that axis. For high-explosive rate sticks, I? is typically the maximum
radius of the charge and normalizes the cosine argument. In this study, R was
left as a fitting parameter for each cell along with all a parameters and 7. Con-
straints were imposed such that 0 < < 1 and R > w, where w was each cell’s
instantaneous width.

Successive front shapes extracted in this fashion for the 85%Ar and 80%Ar
mixtures are shown in Figs. 4 and 5 respectively, with channel width and height

6



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

equivalent to z and z in Eq. 1. Analytic waveforms fit from Eq. 1 are plotted over
the black experimental data points, which are of sufficiently high resolution to
appear as a continuous curve. Incomplete cell segments at the edge the imaging
window were not fit and thus not overlaid with analytic waveforms. Additionally,
no fits are overlaid on the experimental data from the first timestep.

The color of each analytic waveform corresponds to the phase ¢ of each cell
(Fig. 6) as determined by each cell’s width w, evolution direction %¢, and the

dt
maximum overall cell width \,, that was directly observed in each test.

W for -
_ 2w dt
C_{1—% for 22 < () )

With the assumption of a constant detonation cell track angle, parameter ( is
equivalent to the nondimensional cell length. (The track angle is defined as the
average angle between the triple point wall intersection trail and the direction of
bulk wave motion, which is typically the central tube axis.)

Newly formed cells with ¢ near O are violet; cells near the middle of their
cycle (¢ ~ 0.5) are green; and dying cells (( — 1) are red. The analytic fit
correspondence to the experimental data is good, except near the very edge of
each cell. The first-order fitting form (Eq. 1) is not able to accurately capture the
rapid variations in wavefront curvature in this region. However, these variations
are explored in the numerical work.

Parameter \,, was measured as 38.8 mm, 36.9 mm, and 53.9 mm for tests
NC215, NC229, and NC260 respectively. Values of )\, will be slightly less than
or equivalent to the cell size in each test. That said, these cell size data values
will vary from those obtained in cylindrical geometries or even in rectangular
tubes of different dimensions due to “mode-locking” of the transverse wave to the
experimental geometry [26]. During mode-locking, the instability will scale to
the confiner geometry and generate an integer number 7 of cell widths across the
channel width ¢ such that

{=nM\, wheren=1, 2, 3, etc. 3)

The experimentally measured \,, values indicate that n = 4 and 3 for the 80%Ar
and 85%Ar mixtures, respectively.

The limited observation time imposed by the framing camera record does not
allow for substantial evolution of a single cell in the weakly unstable mixtures dis-
cussed, but permits simultaneous observation of multiple cells in different phases
of evolution. Thus, separate experimental measurements are combined to study

7
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the full instability cycle with the assumption that all cells in a test generate a sim-
ilar D,, and x evolution across the front.

2.2. D, and k Variation Across the Cellular Instability

For the experimental work, the analytic wavefront fits were used to compute
the instantaneous axial detonation velocity for a given image %

2(i42)(7) — 2(i—2) (1)

Di 7t =
(w.1) = 4T

“4)

using the computed shock position shift z(;;2) — 2(;—2) (in pixels) between wave-
front fits separated by four imaging timesteps 7, and the image scale s. Scale s
was approximately 0.030 mm/pixel, but varied for each test as determined by a
fiducial square (shown in Fig. 3). Measurement error associated with this process
is discussed below. Accounting for the spatial and temporal variations in D is a
key difference of this work relative to high-explosive rate sticks efforts, where D
is usually steady for a similar rectangular geometry.
Local variations in D,, and k across the front were then found from

D
Dy = ———— (&)
14 (2/)?
and
Z”
SRR e ©
where 2/ = dz/dr and 2" = d?z/dx?. Equation 6 is the curvature for a two-

dimensional wavefront and implicitly assumes no curvature on the third axis (di-
mension t). Thus, a pair of images is required to obtain the D,, variation for each
cell, while a single image yields the x variation. These two measurements are
then combined to obtain the D,, and « curve for each cell. In the present work, the
choice was made to calculate the average detonation velocity across four imaging
timesteps in order to reduce the velocity uncertainty below 1%. Additional details
are discussed in the experimental uncertainty section below.

2.2.1. Variation of D,, with (

The calculated D,, range for each cell is plotted as a function of ( in Fig. 7
for NC260 (red) and in Fig. 8 for NC215 (green) and NC229 (black). Each plot
contains data points, solid lines, and a dashed line. The data points are the wave-
front values along the cell centerline, as have been historically plotted in cellular

8
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studies [4-7]. Solid lines denote the span of D,, values (off of the cell centerline
as) measured along each front profile. Dashed lines are least-squares fits to the
cell centerline points using a 1/{-functional form that is consistent with previous
[4-7] experimental observations,

D 1

Dey C+b
with specific values listed in Table 1. Parameter ( is linearly proportional to the
axial distance via either the detonation cell track angle or the total cell length.
Such a form is also consistent with that of a decaying blast wave, as discussed in
Sec. 3.

bs (7)

Table 1: D, -fit data.

Test bl b2 bg
NC215 0.303 0.501 0.592
NC229 0.099 0.233 0.811
NC260 4.19 2.69 -0.494

The D,, data is overdriven (1.2D¢ ;) at the start of the cellular cycle and and
subsequently decays down to 0.6 D¢ with dfg" < 0 throughout the cycle. Such
a trend agrees with earlier observations [4—7]. Data scatter is apparent in the ex-
perimental D,, data. Most is attributed to image digitization and front registration
errors. However, the D,, versus ( centerline data is seen to follow the 1/¢ func-
tional form. Off-centerline D, -span data (solid lines) also follows the centerline
trend, but can vary from the centerline velocities by up to 25%. No correlation
is observed for the location of the centerline value on the experimental D,,-span
data.

Austin [24] measured the average detonation velocities upstream of the imag-
ing window over a two-meter length in her facility using pressure transducers. She
confirmed that sustained detonations were present with average velocity deficits
(relative to D¢ y) of 7.3% and 12.3% for the 80%Ar and 85%Ar mixtures respec-
tively. (Deficits were expected due to the damping of the cellular instability on the
facility’s short axis.) Solving for the average centerline detonation velocity across
the full cellular cycle via Eq. 7 and Table 1 yields gcﬁlj = 0.913 (NC215), 0.970
(NC229), 0.813 (NC260). These values correspond to average velocity deficits
(1 — Loy of 8.7%, 3.0%, and 18.7% for NC215, NC229, and NC260, respec-

D¢y

tively.
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The average velocities derived from the shadowgraph analysis and the pressure
transducer measurements are consistent when taking into account (1) the +/-12.5%
uncertainty in all length and velocity scales associated with the fiducial squares
(discussed in Section 2.3) and (2) the stochastic behavior of large-cell-size det-
onations over the temporally limited imaging window, which was less than the
period of a full cellular cycle for the mixtures considered.

2.2.2. Variation of k with (
Centerline ~ values are equivalently fit to the functional form

1
Aw = 8
K CIC+CQ+C3 (8)

and fit data is listed in Table 2. The x variation with ¢ (Figs. 9 and 10) exhibits a

Table 2: x-fit data.

Test C1 Co C3
NC215 0.862 0.082 -0.674
NC229 0.654 0.077 -0.574
NC260 1.158 0.225 -0.910

strong correlation and separate tests overlay moderately well for higher (. Cells
with small ¢ have nondimensional x as large as 8. As the cell evolution progresses
(0.2 < ¢ < 0.8), these values drop significantly, to below unity.

The span of « values is a strong function of (. New and growing cells (small )
exhibit very large ~ spans, while decaying cells ({ near 1) have very small spans.
Furthermore, a discontinuous drop-off in the span of s occurs at = 0.5, where
the transverse waves at the cell perimeter stop expanding and begin to converge
(due to transverse shock collisions). This sudden drop in « span at the instant that
the cell width begins to decrease indicates that the edges of growing cells exhibit
the largest amount of wave curvature across the front. This effect is illustrated
in Fig. 11, which shows the distribution of x across a cell segment with ¢ = 0.44
in NC260. Consistent with this understanding, centerline x values tend to occupy
the lowest  values present in each cell’s xk-span. For ¢ > 0.5, k spans grow very
small and these almost only correspond to the centerline value. In these regions,
the decayed cell approximates a cylindrical shock geometry (i.e. constant x along
the front).
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Near the end of the cell cycle (0.8 < ¢ < 1.0), x values anomalously increase.
This effect is likely due to difficulty in accurately fitting Eq. 1 to the extremely
small and flat decaying segments, which can span only three pixels vertically.
(Newly developed cells of similar width cover three times this vertical range, al-
lowing a better fit.)

2.2.3. Variation of D, with Kk

Figures 7-10 can be combined to show the experimental D,, and x evolution
during a complete cell. Figures 12 and 13 plot this relationship versus ¢ for NC260
and NC229, respectively. Solid lines correspond to the D,—~ profiles for each
cell segment, with ¢ denoted by color. The dashed black lines correspond to the
previously described functional-form fits (Eqs. 7 and 8), which are parametrically
plotted in D,—« space. The compiled measurements form a global trend with
cells moving from the upper right of the plots to the lower left as the cell evolves,
in a similar trajectory to the decaying blast wave profile shown in Fig. 2 and
discussed in Section 4. Early in the cellular cycle (small (), a wide range of s
variation is present over a small span of D,,. This D,—« trend indicates overdriven
cell expansion supported by a spatially narrow reaction zone, similar to D,—k
trends observed for ideal high explosives (Fig. 2). Late in the cellular cycle (large
(), the wave’s D, (k) slope is significantly steeper; small changes in  result in
large D,, variations, which are consistent with non-ideal high explosive behavior
(spatially long reaction zone, Fig. 2). Intermediate values of ( show a gradual
transition between these two limiting behaviors. Late stage (red) cells exhibit
excursions from this trend due to the previously described fitting inaccuracy in
r-space. Equivalent data occurred for NC215, but is not shown.

Thus, analysis of the experimental work both agrees with prior studies and
provides increased understanding of the cellular dynamics by analyzing the full
perimeter of the cellular wavefront. The local normal detonation velocity trend
follows centerline measurements obtained previously [4—7]. Curvature across the
front, quantified for the first time in this study, is seen to vary both temporally
and spatially. Temporally, the curvature starts at its largest magnitude and overall
span for small, overdriven and expanding cells. In contrast, decaying and under-
driven cells have the lowest curvature magnitudes and exhibit a very narrow (al-
most cylindrical) curvature span. Spatially, the lowest amount of curvature occurs
at the cell center, while the largest curvature is induced at the edge of expanding
cells.

These behaviors are fully consistent with the unsteady nature of the cellular
cycle and the presence of multiple cells in different phases across the detonation
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front. Overdriven cells (¢ < 0.5) diffract into adjacent slower-velocity decayed
ones, inducing high x at the expanding edge of the overdriven cells. In decaying
cells (¢ > 0.5), the reaction zone gradually decouples from the front, and the
unsupported shock front decays cylindrically, as shown in Figs. 9 and 10, into a
low-x, low-D,, state. Additional insight into the D,—~ behavior is provided via
numerical simulation described below.

2.3. Experimental Measurement Uncertainty

Error in the experimental analysis is predominately due to the finite film size
and digitization resolution. Misidentification of the front location in an image can
result in significant D,, scatter. As an example in the above data, one pixel of
wave position error in Az induces an error in D of 0.6% D¢ ; when averaging
over 47. Such sensitivity, coupled with film exposure intensity changes and focal
variations from frame-to-frame, can result in significant velocity scatter in D. The
r calculation is more robust as it only requires a good fit of Eq. 1 to a single front
segment on a single image frame. However, as discussed, poor fits occur for cells
of small transverse width with low curvature due to insufficient number of vertical
pixels across the cell.

Finally, variations or misidentification of the fiducial size affects all dimen-
sional measurements present in this work. Up to two small fiducial squares were
present on each image (as shown in Fig. 3) and were used to both align and scale
the data from pixels to physical units. Fiducial dimensions were measured for
each image and then averaged for each experiment. Averaged fiducial values were
measured to be 88.4, 127.3, and 135.6 pixels for NC215, NC229, and NC260, re-
spectively. The quoted dimension for each fiducial box was 4-mm square [24],
potentially allowing for length variations from 3.50-4.49 mm within the stated
significant digit. Fiducial size variations would rescale all quantitative values, but
would not affect the trends observed in the experimental data.

3. Numerical Simulation

Given the limited spatial and temporal resolution available from the experi-
mental data, we have also explored the dynamics of normal detonation velocity
(D,,) and curvature (k) variation along the front during the evolution of a detona-
tion cell using high-resolution numerical simulation.
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3.1. Computational Scheme

The numerical simulations are based on the non-dimensional reactive Euler
equation model for an ideal gas. A one-step reaction model of Arrhenius type was
assumed. The equations are

Dp Du 1
=_F V-u=0 —=_2
De P Dy
—_ == — =MW,
Dt p( )7 Dt Y

for density p, specific internal energy e, velocity u = (u, v), and reaction progress
variable y. Reference values for the original dimensional variables are the initial
reactant density pg (density), initial reactant pressure py (pressure) \/Po/po (ve-
locity) and po/ po (specific internal energy), where the use of { } denotes a dimen-
sional quantity. Consequently D,, = D,,/+/po/po- The ideal gas equation of state

is
p
e=——--Qx, T=p/p (10)
p(y —1)
for the ratio of specific heats v and temperature 7' (scaled with the initial reactant

temperature TO). The rate W is

W = k(1 — x) exp(—Ep/p). (11)

Using the calculated detonation states corresponding to the 2H;—Oo—Ar ki-
netic mechanism published in Ref. [27], the heat release (), activation energy F
and ratio of specific heats ~, were determined by approximating the calculated
one-dimensional Zeldovich-Von Neumann-Doring (ZND) Mach number, post-
shock ~y and the correct sensitivity of the ignition delay behind the shock obtained
with constant volume ignition simulations at the post-shock state. We study the
80%Ar mixture for which the above fitting procedure sets £/ = E / RT, = 20,
Q=0Q / RT, = 10 and v = 1.57, where R is the specific gas constant. Fi-
nally, length is scaled with L /2, the distance between the shock and the point
where half of the reactant is depleted in the ZND wave, while time is scaled with
l~1 /2 /+/Po/ po. Consequently, the non-dimensional rate constant k£ = 22.719. Val-
ues of the dimensional reference quantities are given in Table 3 based on the ini-
tial conditions of the 2Hy+05+80%Ar detonation cell experiment described in
Ref. [24].

The solution method uses the two-dimensional shock-fit, shock-attached algo-
rithm and code described by Henrick [28], an extension on the one-dimensional

13



374

375

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

393

394

Do 0.2 bar
0o 0.2778 kg/m?
\/Do/Po 268.3 m/s
Ty 298 K
D¢y 1480.2 m/s
l1)2 0.72 mm
l1/2/\/]50/ﬁ0 2.681s

:l“able 3: Dimensional reference values for the numerical simulation [24]. Here
l1/2 is the distance between the ZND shock and the location of the maximum
reaction rate, as opposed to the location where half of the reactant is depleted.

algorithm described by Henrick et al. [29]. The algorithm uses a method of lines
approach, with spatial gradients discretized by a fifth-order mapped weighted es-
sentially non-oscillatory scheme and temporal integration via a fifth-order Runge-
Kutta method. The shock-attached system allows straightforward determination
of the lead shock curvature (using the calculated detonation shock slope) and
normal detonation velocity [28]. The two-dimensional shock-fit, shock-attached
methodology has previously been used to explore the linear stability and nonlinear
dynamics of detonation cell development for the ideal condensed-phase detona-
tion model Short et al. [30].

The calculation is conducted in a two-dimensional channel of width 9 (dimen-
sionally 9 times L /2) with periodic flow conditions at the upper and lower walls.
The length of the computational zone is 40, with the lead shock located at x = 0
and an outflow boundary at z = —40. In the axial direction, the resolution is 0.05
(corresponding to 20 points per half reaction length) and 0.0125 (80 points per
half reaction length) across the channel. A discussion of resolution sensitivity for
cellular detonations of the two-dimensional shock-fit, shock-attached algorithm
[28, 29] is given in Short et al. [30]. These resolution requirements limit the chan-
nel width to the above choice, which is smaller than the experimental channel size
Austin [24]. The initial conditions consist of a one-dimensional ZND structure
imposed across the channel to which a two-dimensional perturbation in the mass
fraction variable is added to generate the cellular instability.
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3.2. Computed Cellular Detonation

Figure 14 shows the evolution of D,, from the initial ZND wave along the
channel centerline (y = 4.5) with time. Small oscillations in D,, around D,, =
D¢y (Dey = Doy /\/Do/Po = 5.517) grow to a near periodic limit cycle varia-
tion corresponding to fully nonlinear cellular detonation. Figure 15 shows instan-
taneous shapes of the shock loci over one detonation cell cycle duration (from just
after the creation of a new cell in the channel near the centerline (t = 72.0) to
slightly before the disappearance of the cell (t = 74.0), and illustrates that a sin-
gle cell develops for a channel width of 9. The centerline shock loci correspond
to( = 0.01 (¢t = 72),¢ = 0.08 (t = 72.25), ¢ = 0.016 (t = 72.5), ¢ = 0.24
(t = 72.75), ¢ =033 (t = 73), ¢ = 0.42 (t = 73.25), ¢ = 0.51 (t = 73.5),
¢ =057 (t =7375),¢ =064 (t =74), = 0.73 (t = 74.25), ¢ = 0.82
(t =74.5),( =091 ((t =74.75), ¢ = 0.97 (t = 75).

For ¢ < 0.5, the interior part of the channel shows the growth of a cell, while
for ¢ > 0.5, the interior portion of the channel is associated with the cell decay.
The normal detonation velocity along the centerline (Fig. 14) shows a monotonic
decrease in D,, during the growth and decay of the central cell. The dashed lines
show the trajectory of the triple point loci.

Snapshots of the cell pressure and corresponding reaction progress variable in
the vicinity of the shock front at ¢ = 72.5 (¢ = 0.016), ¢t = 73.0 (¢ = 0.33),
t="735(¢C =0.51),t="74.0 (¢ = 0.64) and t = 74.5 (¢ = 0.82) are shown
in Figs. 16 and 17 respectively. Att = 72.5, a cell is growing outward from the
interior into the decaying cells present in the outer portions of the channel. Along
the shock front, the pressure appears to increase behind the transverse shocks, be-
fore reaching a maximum and decaying toward the channel centerline (see also
Fig. 19). Fresh reactant enters the growing cell via both the lead shock and trans-
verse shock leading to the complex variation of the flow field in the vicinity of
the Mach stem. However, sufficiently far down the channel, the pressure maxi-
mum appears to be reached at the transverse shock. The emergence of a familiar
keystone structure is seen in the corresponding reaction progress distribution at
t = 72.5. (Fig. 17a). The higher temperature behind the transverse shocks leads
to a local acceleration of the reaction rate. The global lead shock curvature as-
sociated with the growing cell is greater than the exterior decaying cells. As the
cell grows (¢t = 73), the peak of the pressure distribution along the front again
occurs at a finite distance behind each transverse shock. The corresponding re-
action progress variable plot (Fig. 17b) shows the region of accelerated reaction
in the growing interior cell does not extend the width of the cell defined by the
location of the transverse shocks. Rather, the extent of the accelerated region is
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approximately defined by the loci of shock normals along the front of the growing
cell. This indicates a potential interlink between variations in the reaction zone
structure and shock normal quantities.

At the point of transverse shock collision at the channel edges, there is a re-
gion of intense pressure rise near the channel edge (Figs. 16c and 17c). After
shock collision, the global curvature of the interior decaying cell decreases, and
the reaction zone recedes (Figs. 16d,e and 17d,e). Due to the problem symme-
try, the outer sections of the channel correspond to growing cells with structure
similar to that observed in Figs. 16a,b and 17a,b.

Figure 18 shows the axial variation of the reaction progress variable x along
the channel center (y = 4.5) att = 72.5,t = 73.0,t = 73.5,t = 74.0 and
t = 74.5. Only values at numerical cell points are shown to gauge the resolu-
tion of the reaction zone structures. Also indicated are the values of one over
the centerline shock curvature (1/k¢y) at the indicated times. Att = 72.5, the
higher temperature along the growing interior cell leads to a pocket of acceler-
ated reaction which connects downstream to a region of receding reaction created
by the earlier decaying cell. As the transverse waves move further away from
the centerline, the reaction progress rate decreases and the pocket moves further
downstream. The values of one over the centerline shock curvature can be com-
pared to the reaction zone thickness to relate the magnitude of the shock curvature
to reaction zone thickness. During the early stages of cell growth (¢t = 72.5-73.0),
these values are comparable. Subsequently (t = 73.5-74.5), 1 /K¢y is greater than
the reaction zone thickness. Thus along the centerline, decaying cells have weak
shock curvature on the scale of [; /.

Figure 19 shows the distributions of (a) density, (b) axial and (c) transverse
flow velocities, (d) pressure and (e) temperature along the lead shock front at times
t="725t="730,t =735t ="T74.0and t = 74.5. One of the benefits of the
shock-attached, shock-fit algorithm developed in Refs. [28, 29] is the accuracy and
ease of the extraction of this data over the interpolation that would be required with
the usual shock capturing algorithms. As above, the data points are represented
by symbols at each numerical grid point for easier visualization of the location of
the numerically captured transverse shock waves. Of particular interest, in light
of the discussion of the normal detonation velocity and curvature variation along
the front discussed below, is the local structure variation in the vicinity of, and
behind, the transverse shock waves. As noted in the growing cell of Fig. 16, the
pressure distribution, as well as the temperature and density variation (Fig. 19),
show an increase in the state variables after the passage of the transverse shock
front, reaching a maxima at a finite distance from the transverse shock, before

16



471

472

473

474

475

476

477

478

479

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

499

500

501

502

503

504

505

decaying toward the centerline. In the decaying cell, the pressure, temperature
and density variations increase monotonically from the centerline to the transverse
shocks.

3.3. Detonation Cell Evolution in the D,—r Plane

Figure 20 explores the variation of the instantaneous lead shock shape in the
channel, the normal detonation velocity, and the curvature across the lead shock
over the duration of a single cell cycle. In Fig. 20a—e, at each time, the shock
loci and D,, have been displaced by values indicated in the caption in order to
present curves of instantaneous shock position, DJ,, and x on one graph. Blue
lines indicate shock curvature and green lines are the normal detonation velocity.
Red and black lines are the shock loci. Red coloring denotes data from growing
cells, while black coloring indicates decaying ones.

Figure 20f—j shows D,, and x data from the same time steps as Fig. 20a—e on
a plot of D,, versus . These data are color-matched to the corresponding shock
loci. The paired plots allow features in D, —~ space to be more easily associated
with locations on the shock front. In the D,—« plots, symbols are used to record
values at each numerical grid point to better highlight physical characteristics.
Additionally, specific features are identified on each plot and discussed below.

3.3.1. Timestept =725

Att = 72.5, a cell is growing from the channel interior toward the channel
edge (Fig. 20a). Between the channel edge and the growing cell, there are two
sections of a decaying cell (recall periodic conditions are applied at the channel
edges). Figure 20f shows the variation in D),, and x across the front. In the decay-
ing cells (black lines), the curvature is nearly constant, with a small monotonic
increase in D),, from the channel edges to the interior transverse shocks (feature
3, lower branch, in Fig. 20f). This corresponds to near cylindrically symmetric
decay of the detonation cell. The structure of the interior growing cell is more
complex. In the middle of the cell there is a region of near constant curvature
variation associated with a small increase in D,,. This is represented by the cluster
of red points in D,,—« space for D,, ~ 6.1. (Subsequent timesteps will show these
data to be an upper branch of feature 3.) Approaching the transverse shock from
the centerline, a rapid rise in curvature associated with a small increase in D, is
observed. This is followed by a decrease in x with D,, variation as the transverse
shock is reached, forming a “hook-like profile” (feature 2 in Fig. 20f). Finally,
immediately adjacent to the transverse shock, « decays rapidly and changes signs
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with a slight decrease in D,, (feature 1 in Fig. 20f). Note that only curvatures
above —0.5 are shown in Fig. 20.

3.3.2. Negative Curvature

Based on examination of the curvature variation in Fig. 20, we surmise the de-
caying cell has positive curvature (divergent) everywhere. The transverse shock
connects the decaying cell to the growing cell. The growing cell appears to have
a region of negative curvature (convergent) behind the transverse shock in the re-
gion where the temperature and pressure increase along the front occurs, before
transitioning to a positive curvature (divergent). The precise extent of the neg-
ative curvatures reached in the convergent region behind the transverse shock is
complicated by the role of numerical dissipation in the captured transverse shock.

To illustrate this, Fig. 21 plots again the computed detonation front shape at ¢ =
72.75. The growing central cell is red, the adjacent decaying waves are black, and
the cell boundaries are demarcated by green points. The corresponding D,,—« vari-
ation for all computed points is shown in Fig. 22. Numerical dissipation causes the
transverse shock to spread over several computational cells (in a formal Euler cal-
culation, the curvature at the shock intersection point would be undefined). From
the decaying cell side, the discrete points involving rapid curvature decreases are
generated by dissipation in the shock rise. Similarly, for the growing cells, a num-
ber of the larger negative curvature cells will be the result of numerical dissipation
in the transverse shock. Determining the exact extent of numerical dissipation is
difficult. Formal convergence studies are complicated by the nonlinearly unstable
evolution. Thus, in Fig. 20, we have chosen to show results for negative curva-
tures above —0.5 in the growing cells. Finally, we note that the rapid variation
and change in sign of « in the vicinity of transverse shocks would not be detected
in the experimental work due to the fitting form (Eq. 1) used.

3.3.3. Subsequent Timesteps

In Figs. 20b and 20g, the interior cell has grown to ¢ = 0.33 (at ¢t = 73.0),
while the adjacent decaying cells have ¢ = 0.65. The D,, and x variation in the
decaying cells have almost collapsed to a single point in D,,—« space (Fig. 20g,
feature 3, lower branch), corresponding to near cylindrical decay. Additionally,
we note that the curvatures of this feature are sufficiently small to approximate
the wave as flat at this stage in the decay cycle. In the growing cell, there is
a wider variation in D,, between the centerline and where the hook structure is
encountered, leading to a linear D,,—~ variation with positive slope (Fig. 20g,
feature 3, upper branch). The hook structure (Fig. 20g, feature 2) that again occurs
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in the vicinity of the transverse shock has a similar shape to that seen at ¢ = 72.5,
except a larger (positive) value of curvature is reached, and the hook occurs at
lower D,,.

Figures 20c and 20h describe the normal detonation velocity and curvature
variation along the lead shock front when the interior cell has reached the channel
edge at ¢ = 73.5. This case illustrates the full D,—x variation at shock collision.
Moving out from the cell centerline, feature 3 displays an approximately steady,
monotonic increase in D, over a narrow range of x increase. Approaching the
transverse shock, feature 3 transitions into the feature 2 hook profile with a rapid
change in slope. Feature 2 then smoothly transitions into feature 1 at the Mach
stem. Note that a majority of the variation in x occurs at the cell edge and that the
extrema of feature 2 (hook tip) continues to increase in x and decrease in D,, as
the cell evolves from ( =0 — 0.5. The reader is also urged to observe the gradual
lengthening of feature 3 in the growing centerline cell D,—~ data over timesteps
72.5,73.0, and 73.5.

The D,—~ variations for ¢ = 74 and t = 74.5 are shown in Figs. 20d,e
and 20i,j, respectively. The structures are similar to those observed at earlier times,
except the decaying cell now occurs in the interior of the channel. Additionally,
feature 3, which increased in D,,—« span with the centerline cell growth from ¢ =
72.5-73.5, can be seen to decay in span with the cell decay.

3.4. Intrepretation of D,—r Variation During a Cell Cycle

It appears that the growth and decay of a detonation cell can be collated with
three distinct structures in the variation in D,, and x across the lead shock during
a cell cycle. Two of these (features 1 and 3) correspond to approximately linear
D,,—~ variation.

Feature 1 was a small slope, large-curvature-span curve for the flow immedi-
ately adjacent to the Mach stem. The small slope indicates that the magnitude of
the wave curvature in this region is not sufficient to impact the local wave velocity,
likely due to to the spatial shortness of the reaction zone. Note that in classical
(quasi-steady) DSD theory, this profile is characteristically similar to the “ideal
explosive” curve in Fig. 2 that arises due to a spatially small reaction zone. When
present (for 0 < ¢ < 0.5), feature 1 contains the peak D,, values in the cell.

Feature 3 exists as a high-slope, narrow-curvature-span line for the oldest and
most decayed inner portions of each cell. The high slope may indicate a strong
influence of the local curvature on the wave velocity. Such behavior is reminis-
cent of the curvature influence on velocity that occurs in classical DSD theory for
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highly nonideal explosive (as a result of their spatially long reaction zones), al-
though nonideal D,,—« profiles from steady detonations have large negative slopes
instead of the positive values exhibited in Fig. 2. In the following section, we
also associate feature 3 with a nonreactive, decaying cylindrical blast wave. The
span of feature 3 grows with cell growth to a maximum at ¢ = 0.5, after which
it decreases. The average magnitude of the D,, and  values present in feature 3
decrease as ( increases, indicating decreasing wave strength.

Finally, feature 2 or the “hook™ structure exists as a transitional structure be-
tween the accelerated reaction associated with feature 1 and the decaying det-
onation associated with feature 3. This feature contains the the peak curvature
values for the cell. Significant variation occurs in this region due to the localized
growth and decay of pressure and temperature in the vicinity of the transverse
shock (Fig. 19).

Growing cells (¢ < 0.5) contain all three structures. In young growing cells
(¢ < 0.3), features 1 and 2 are predominant. Feature 3 first appears in growing
cells with ¢ near 0.3 and grows in size as the cell approaches ¢ = 0.5. Decaying
cells (¢ > 0.5) only contain feature 3 (features 1 and 2 are not present as decaying
cells do not contain reactive Mach stems). As the front decays in strength from
0.5 < ¢ < 1.0, the span of both D,, and x decrease.

Thus, the overall evolution trend is as follows: Small cells start with large x
ranges and small-span overdriven D,, values. As the cell grows to ¢ of 0.5, the
D,, span increases to a maximum and decays slightly in magnitude. The s span
collapses quickly for ¢ above 0.5 due to the disappearance of the reactive Mach
stem. As the cell decays from ¢ = 0.5 — 1.0, the magnitude of D,, decreases and
the D,, span also rapidly decreases.

Finally, we note simulations have also been conducted on the one-step equiv-
alent of the 2H5+05+85%Ar mixture in a channel of width 9. A single (mode-
locked) cell develops with very similar D,,—x structures to those observed above.
Likely, wider channels would be needed to highlight distinctions in cell structures
between the mixtures.

4. D, (r) for an Expanding, Inert Blast Wave

Figure 23 overlays numerically calculated D, —« data from multiple time steps
(72.00 to 75.00 in increments of 0.25) constituting the full range of ( =0—1. Two
regimes are clearly identified. An overdriven regime (which we define as regions
where D,, > D¢ ;) encompasses the large D,, and « variations near the edges of
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the growing cells (¢ < 0.5), as well as approximately linear D,,—~ regimes cor-
responding to central portions of the growing cells. In this regime, D,—x profiles
diverge for cells of varying ¢. A lower velocity (D, < D¢y), decaying blast
regime, fully contains decaying cells (0.5 < ¢ < 1) as well as again some of the
central portions of growing cells (as ¢ approaches 0.5). In this decaying blast
regime, D,, and  vary spatially across the wave front for each ( so that each ¢
segment is not geometrically cylindrical, but when accumulated, the data for all ¢
appear to form a line in D,—~x space. The regime boundary corresponds to the CJ
velocity.

The data trend in the lower velocity regime is thus consistent with elements
of a cylindrically expanding blast wave. In the limit of completely unsupported
(by any reaction zone) cylindrical blast expansion, the velocity-curvature [31] re-

lationship is linear
|Eg 1
U, = M =z (12)
2 Po T

where shock velocity Us; = D,,, wave radius r = 1/k, a« = f() where 7 is
the ratio of specific heats, s is the blast source energy, and p, is the initial mix-
ture density. An expanding blast wave travels along a line of decreasing x, only
experiencing a change in slope when F/; is altered.

Strong detonations driven by transverse wave collisions will initially not fol-
low the behavior of Eq. 12 as the detonation is supported through early overdriven
expansion by well-coupled, rapid chemical reactions. In this overdriven expansion
regime, if the reaction zone is short, the detonation velocity will not be signifi-
cantly perturbed by curvature-induced flow and will assume D,,(x) profiles with
low slopes similar to the ideal curve in Fig. 2 (i.e., « has to be sufficiently large to
generate a significant perturbation to the reaction zone). As the overdriven deto-
nation decays, transverse waves weaken in strength and the reaction zone begins
to decouple from the shock. The process causes the wave to assume a steeper
positive slope in D,,—k-space (as shown on Fig. 2 by line segment AB).

Eventually, near local detonation failure, the reaction zone will fully decouple
from the shock front. The resulting shock-flame complex may support some low
level of energy feedback into the shock, leading to a positive D,,(x) slope that is
less than or equivalent to that of an inert, decaying blast

Da/r < 5V/Edfpo (13)

Such a trajectory is indicated by on Fig. 2 by line segment BC and in Fig. 23 by
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the “decaying blast fit” line
D, = 4.89 + 8.69x . (14)

Note that the correlation of the numeric data to the decaying blast profile occurs
both temporally and spatially in Fig. 23, indicating some elements of self-similar
flow. The temporal agreement is indicated by the good overlay of wave data from
multiple time steps (or varying (). The spatial agreement is evidenced by the fact
that segments of each time step (or () lie on the blast decay line.

The source energy F, provides a measure of the energy associated with the
wavefront at (and subsequent to) decoupling of the shock and reaction zone. When
distributed across the wavefront circumference at the instant of decoupling, this
value may provide a measure of the minimum wavefront surface energy necessary
to support a coupled shock and reaction as a detonation. Such an estimate may
be relevant to detonation initiation energies in the cylindrical geometry [32]. This
approach is not pursued further in the present study.

Thus, the D,—~ profiles of growing cells in Fig. 23 are consistent with the
combination of a short reaction zone detonation at the transverse wave Mach stem
(feature 1), decaying to a decoupling detonation a short distance behind (feature
2), and finally assuming a fully decoupled blast wave profile at the center of the
cell segment (feature 3). These three structures combine to form the characteristic
hook-like structure in D,—~ space. The lack of the reactive, overdriven Mach stem
in the decaying cell leaves only the lower velocity portion of this combination
(feature 3), which is the decaying blast profile. The demarcation between these
two regimes appears to be close the CJ velocity. As all data below the CJ velocity
is consistent with an inert expanding blast wave, the present data implies that
exceeding this critical velocity is a necessary condition for detonation coupling to
be maintained.

This measured evolution extends the understanding of prior efforts [3, 24, 33,
34], whose visualizations have also shown short reaction zones with minimal in-
duction lengths for locally overdriven shocks and very dramatic increases in in-
duction lengths as the local lead shock strength decays. Correlation of these in-
duction lengths with specific burning mechanisms is an ongoing effort [33, 34].
However, to date, no quantitative method has been proposed to evaluate the in-
stantaneous degree of coupling between this late stage reaction and the shock
front dynamics in complex experimental or DNS flows. The evaluation of slopes
of the D,,—« trajectories in the present study may provide such a metric.

While clearly visible in the numerical data, the experimental data scatter ob-
scures the presence of any linear decaying blast profile in D,,—~ space. Alterna-
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tively, this scatter may instead contain a curved profile as plotted by experimental
fits (black dashed line) in Figs. 12 and 13. In highly irregular mixtures, turbulent
combustion has been shown to accelerate the post-shock combustion, inducing de-
flagration at significantly shorter distances behind the shock front than induction
length estimates from purely adiabatic shock compression [33, 34]. Such com-
bustion may weakly couple with the shock front and decrease slope of feature 3
in D,—~k space below that resulting from a fully inert blast. The present numerical
results were conducted via an Euler framework and would not accurately model
this phenomenon due to the lack of diffusive mixing; Navier-Stokes theory would
be required. However, given that turbulent burning has currently only been shown
to be as significant feature in highly irregular mixtures, it is likely not a dominant
factor in the (regular) weakly unstable mixtures analyzed herein.

5. From D,,—k Trends to DSD Analysis

In this work, we have studied the variation of the normal detonation shock ve-
locity and shock curvature during the evolution of weakly unstable cellular deto-
nation fronts. These geometric properties have provided insight into the dominant
mechanisms (coupled detonation, blast expansion) associated with different parts
of the cellular cycle.

We have not attempted to interpret this into an intrinsic unsteady front evo-
lution theory, such as detonation shock dynamics (DSD). Classical DSD the-
ory applies to the quasi-steady evolution of a weakly curved stable detonation;
formally asymptotic higher-order corrections which account for (slow) time re-
laxation effects and small transverse arc-length variations on the evolution of a
weakly curved stable detonation have also been developed [14, 22, 23].

The quasi-steady and weak curvatures assumptions that underlie DSD theory
have also been applied to the description of unstable cellular detonation dynamics
[18]. However, from the work reported here, it is clear that significant rapid time
and curvature variations can occur locally during various stages of the cell cycle,
and a fully time-dependent non-local front evolution theory may be needed to
describe unsteady cellular detonation dynamics in general.

6. Conclusions

This work has characterized the effect of the cellular instability on the lead
shock shape and velocity evolution for weakly unstable gaseous detonations. For
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714 the first time, variations in local (normal) shock velocity and curvature are re-
715 ported across the full perimeter of detonation cells. Analysis of quasi-two-dimensional
716 experimental detonation wave fronts demonstrated that, at the cell centerline, the
717 local shock velocity and curvature monotonically decrease throughout the cellular
718 cycle. The range of wavefront curvature present away from the centerline axis
719 was found to be significantly larger for expanding cells as compared to shrinking
720 ones. From this measurement, it was inferred that most curvature variation in a
721 detonation cell occurs downstream of the Mach stem and that shrinking detona-
722 tion cells assume an approximately cylindrical wavefront profile. However, the
723 experimental analysis was subject to limitations due to data uncertainty and the
724 assumed waveform profile that was fit to each detonation cell segment.

725 High-resolution direct numerical simulation was also used to study the cellular
726 wavefront evolution using a shock-fit, shock-attached strategy [28, 29], for which
727 geometric properties of the wavefront are generated directly. The calculation both
728 confirmed the experimental observations and characterized the lead shock veloc-
729 ity and curvature variations in significant detail. The lead shock was found to
730 exhibit the highest velocity and curvature spans in the portion of the growing cell
731 immediately downstream to the Mach stem. The curvature extended into negative
732 values (concave facing the direction of bulk wave motion) in this region. Peak
733 values of shock velocity and curvature did not occur at the Mach stem point, but
734 rather a short distance away towards the cell’s centerline. Further towards the cell
735 center, the shock exhibited monotonically decreasing local velocity and curvature.
736 In velocity—curvature space, these behaviors mapped to three distinct features:
737 (feature 1) a small slope, large-curvature-span flat curve for the reactive flow im-
738 mediately adjacent to the Mach stem, characteristic of the velocity—curvature pro-
730 file of an explosive with a spatially small reaction zone; (feature 2) a “hook”
740 structure associated with the peak velocity and curvature values; and (feature 3)
7+1  a large-slope, narrow-curvature-span flat curve characteristic of both a long reac-
722 tion zone explosive, for which curvature has a significantly greater influence on
723 detonation velocity than small-reaction-zone explosives, and an inert cylindrical
744 decaying blast wave, which has a linear trajectory in velocity—curvature space.
75 Comparison of cells in different stages of evolution showed that, in velocity—
746 curvature space, all low-slope (feature 1) and hook (feature 2) profiles occurred
747 above the Chapman-Jouguet velocity, but did not overlay. Below the Chapman—
78 Jouguet velocity, accumulated large-slope curves (feature 3) traced out a linear
79 D,—k curve. Newly developed, growing cells displayed only features 1 and 2. As
750 the growing cells evolved, feature 3 first appeared and subsequently grew in span.
751 As the cell began to shrink due to encroachment of Mach stems from neighboring
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cells, features 1 and 2 were eliminated from the velocity—curvature profile, leav-
ing only feature 3. The curvature and velocity span of feature 3 decreased with
the size of the decaying cell.

The low-slope (feature 1) and hook (feature 2) structures were associated with
high and decreasing levels of reaction zone strength and shock coupling. The
high-slope (feature 3) region was attributed to a decaying inert shock wave. The
data indicates that, for weakly unstable detonation, coupling between the shock
and reaction zone only occurs near the Mach stem in growing cells and that the
lead shock diffracts in an inert fashion away from this region. Exceeding the
Chapman—Jouguet velocity appeared to be a necessary condition for shock and
reaction zone coupling to exist in the single computation presented.
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ss7 8. Figures
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Figure 1: Schlieren image of detonation from Austin [24] showing (a) Mach stem
creation from transverse wave collision and (b) a color intensity overlay of the OH
reaction-zone species (red-to-blue signifies high-to-low intensity). Wave propaga-
tion direction is up.
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Figure 2: D,—~k trends.
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Figure 3: Multiple shadowgraph frames from test NC260 in Austin [24]. Wave
propagation direction is up.
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Figure 4: Processed front data from test NC260 in Austin [24]. Wave propagation
direction is up.
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Figure 5: Processed front data from test NC229 in Austin [24]. Wave propagation
direction is up.
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Figure 6: A graphical description of (. Dashed lines denote triple point tracks;
solid curves are the detonation shock sketched at different timesteps.
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Figure 8: D,, variation with ¢ for NC215 (green) and NC229 (black).
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Figure 9: « variation with ¢ for NC260.
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Figure 10: x variation with ¢ for NC215 (green) and NC229 (black).
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Figure 11: « versus channel width for a wave segment with ¢ = 0.44 from NC260.
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Figure 12: D,,—« relationships for NC260 from Fig. 4.
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Figure 13: D,—x relationships for NC229 from Fig. 5.
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Figure 14: Variation of D,, along the channel centerline with time for the 80% Ar
mixture. The red shaded region indicates the time region from which all succes-
sive figures are drawn.

35



0 1 2 3 4 5 6 7 8 9
Width
Figure 15: Position of the shock loci (over one cell duration) as a function of

channel height and width (start time ¢ = 72, end time ¢ = 75, with time intervals
of 0.25) for the 80% Ar mixture.
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Figure 16: Snapshots of the numerically calculated cell pressure distribution in
the 80%Ar mixture for (a) t = 72.5, (b)t = 73, (c) t = 73.5, (d) t = 74, and (e)
t =T4.5.
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Figure 17: Corresponding snapshots of the numerically calculated cell reaction
progress variable distribution in the 80% Ar mixture for the times shown in Fig. 16.
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Figure 18: Axial variation of reaction progress variable x along the channel center
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t = 74.5 (turquoise).
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Figure 22: D,, and k values from the computed shock shape in Fig. 21.
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